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Abstract 
In this paper, we have performed first principles calculations to study optoelectronic, 
thermodynamic and transport properties of Fe2TiGe using density functional theory (DFT). The 
semi-classical Boltzmann transport theory is used to investigate transport properties. The 
calculated energy bands indicate that Fe2TiGe is an indirect band gap semiconductor with band 
gap 0.734 eV for TB-mBJ functional. Fe-3d and Ti-3d orbitals have the dominant contributions to 
the density of states due to strong hybridization between them. The maximum value of absorption 
coefficient is found to be 224×104 cm-1 in the ultraviolet region. It is found that the static refractive 
index of Fe2TiGe is 5.18 which is very close to that of Ge (5.974) and much higher than that of 
GaAs (3.29–3.857). The obtained refractive index implies that Fe2TiGe is a potential optical 
material that can be used in optical devices such as photonic crystal, wave guides and solar cells. 
The Debye temperature at ambient condition is 570 K and decreases slowly with temperature. The 
Gr neisen parameter at ambient pressure and 300 K is ~2.1 and slightly higher than that of PbTe 
(1.5). The calculated Seebeck coefficient and power factor at 300 K using TB-mBJ functional are 
271 μV/K and 5.9 µWcm-1K-2, respectively. Therefore, the calculated optoelectronic properties 
implies that Fe2TiGe is a potential candidate for photovoltaic device applications.  
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1. Introduction 
Energy is the key ingredient for all kinds of development and its necessity is increasing rapidly to 
hold the sustainability of development. The natural sources of energy are fossil fuels like gas, coal 
and oil and these are non-renewable. Fossil Fuels are rapidly diminishing and hence a huge 
attention has been paid to find the alternative energy sources and energy efficient materials. Solar 
energy can help us greatly to face the biggest challenges of energy crisis in the 21st century. The 
materials with high absorbance and tunable band gap in the visible range of light are suitable for 
photovoltaic or solar energy applications. On the other hand, one of the hot topics of energy 
research is the development of efficient thermoelectric materials that are used to convert waste 
heat (generating in many human activities such as thermal power plants, cement plants, steelworks, 
vehicles engines, factories, incinerators, etc) to electricity. The efficiency of a potential 
thermoelectric material is determined by the dimensionless figure of merit, ZT= 

 , where S, σ, 
 = 
 +  and T are the Seebeck coefficient, electrical conductivity, thermal conductivity 
(consisting of electronic and lattice thermal conductivity) and absolute temperature, respectively. 
To realize the efficient thermoelectric energy conversion, the thermoelectric materials should have 
low thermal conductivity (κ), high electrical conductivity (σ), and large Seebeck coefficient (S).  
In the last decade, the intermetallic Heusler compounds has gained tremendous attention because 
of their interesting physical properties such as half-metallicity, spin gapless semiconductivity, 
giant magnetocaloricity, thermoelectricity and superconductivity [1–6]. In various technological 
applications these properties have been utilized [7–11]. The general formula of Fe2 based Heusler 
compounds is Fe2YZ (Y is transition metal and Z is a main group element) and these compounds 
exhibit very interesting structure, electronic and magnetic properties [12–14]. Fe2YZ display a 
large magnetization and high Curie temperature are of special interest for potential magnetic 
applications [15,16]. V. Sharma and G. Pilania studied the electronic, magnetic, optical and elastic 
properties of Fe2YAl (Y=Ti, V and Cr ) and they obtained 100% spin polarization in Fe2CrAl 
compound in the vicinity of Fermi level [12]. The half-metallic ferromagnets (HMFs) have 
intensively studied for their potential applications in the field of spintronics [17–19]. Z. Ren et al. 
studied structure and magnetic properties of Fe2CoGe synthesized by ball-milling and the 
ferromagnetic Fe2CoGe does not show half metallic character [20]. It has been reported that 
Fe2VAl-based full-Heusler alloys show a large power factor which is substantially higher than that 
of Bi2Te3 [21] and this higher power factor implies that full-Heusler alloys are potential candidate 
for thermoelectric applications.  The total number of valence electrons in Fe2VAl and Fe2TiSn are 
24 and according to Slater–Pauling rule the total spin magnetic moment vanishes and these two 
alloys show semi metallic or semiconducting properties [1, 22–24]. The thermoelectric properties 
of Fe2VAl has been studied intensively [21, 25–29] and increasing attention toward the search for 
and study of new thermoelectric materials based on full-Heusler alloys has been observed over the 
last few years [30, 31]. Hongzhi Luo et al. reported that Fe2TiGe and Fe2TiSn are nonmagnetic 
semiconductors [32]. The origin of large Seebeck coefficients in semiconducting Fe2TiSn and 
Fe2TiSi have been investigated by Shin Yabuuchi et al. [33]. Both Fe2TiSi and Fe2TiSn have flat 
bands at the bottom of the conduction band along Γ–X directions and possess a high Seebeck 
coefficient [33]. Recently Bhat et.al studied the thermoelectric properties of Fe2TiGe, Fe2TiSi and 
Fe2ZrSi using PBE potential and they found semiconducting nature in electrical conductivity and 
Seebeck coefficient [34]. The high value of Seebeck coefficient and low resistivity is the 
prerequisite for promising thermoelectric materials. The TB-mBJ functional yields band gaps in 
good agreement with experiment in contrast to the local density approximation (LDA) or the 
Perdew, Burke and Ernzerhof (PBE) functionals. Therefore TB-mBJ potential is suitable to predict 
the accurate band gap and a lot of theoretical studies have been carried out to explore 
thermoelectric transport properties using this potential [35–41]. The precise band gap calculation 
is essential to study the optical properties of semiconducting materials. The optical and 
thermodynamic properties of Fe2TiGe is still unexplored.  
The above discussion motivate us to study the optoelectronic, thermodynamic and thermoelectric 
transport properties of nonmagnetic semiconductor Fe2TiGe using TB-mBJ exchange potential. In 
this paper, we have presented first-principles study of electronic, optical, thermodynamic and 
thermoelectric transport properties of Fe2TiGe by using density functional theory (DFT) [42-43] 
and semi-classical Boltzmann transport theory [44]. The calculated band structure and density of 
states of Fe2TiGe confirms the semiconducting nature and the predicted optoelectronic properties 
imply that Fe2TiGe is a potential material for optoelectronic device applications.  
 
2. Computational details  
Electronic and optical properties were studied by using the full potential linearized augmented 
plane wave (LAPW) implemented in WIEN2k [45]. For good convergence, a plane wave cutoff 
of kinetic energy RKmax =8.0 and (15 × 15 × 15) k-point in Brillouin zone integration were 
selected. The muffin tin radii 2.42 for Fe, 2.3 for Ti, and 2.3 for Ge, were used. The PBE and 
modified TB-mBJ [46] functional were used in the electronic structure, optical properties and 
transport properties calculations. The convergence criteria of energy and charge were set to 
10 and 0.001e, respectively. The transport properties were calculated by BoltzTraP code 
[47]. For this, we used (43 × 43 × 43) k-point in WIEN2k to generate the required input files and 
the chemical potential was set to the zero temperature Fermi energy. By solving the semi-classical 
Boltzmann transport equation, we can easily calculate the transport coefficients. The transport 
coefficients are defined in the Boltzmann transport theory [48–50] as  
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where V is the volume of a unit cell, α and β represent Cartesian indices, μ is the chemical potential 
and 23 Fermi-Dirac distribution function. The energy projected conductivity tensors can be 
calculated by using the following equation 
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where N is the number of k-points for BZ integration, i is the index of band, v and τ represent the 
electrons group velocity and relaxation time, respectively.  In BoltzTraP program, the constant 
relaxation time approximation (CRTA) is used.   
 
3. Result and Discussions  
The equilibrium crystal structure of Fe2TiGe is shown in Fig.1. The Fe2TiGe is a face-centered 
cubic crystal with space group >?3@m (225). The occupied Wyckoff position for Fe, Ti and Ge 
atoms are 8c (0.25, 0.25, 0.25), 4b (0.5, 0.5, 0.5) and 4a (0, 0, 0), respectively [51]. The optimized 
lattice parameter is 5.79 Å and this is very close to theoretically predicted value (5.74Å) [34]. 
3.1. Electronic properties 
The electronic band structures of Fe2TiGe are presented in Fig.2. The bands are non-dispersive 
and there are no overlapping between the valence band and conduction band at the Fermi level. 
The conduction band minimum (CBM) and valence band maximum (VBM) are found at X and Γ-
points, respectively. Thus, Fe2TiGe is an indirect band gap semiconductor. It is found that the band 
gap obtained using PBE-GGA potential is much smaller than that obtained by TB-mBJ potential. 
Our calculated band structure of Fe2TiGe using PBE-GGA potential is consistent with others 
previous result [52]. The values of band gaps obtained from PBE-GGA and TB-mBJ exchange 
potentials are 0.145 eV and 0.734 eV, respectively. The band gap obtained from TB-mBJ potential 
is much closer to that of TiPdSn (0.74 eV) [53] The energy bands of Fe2TiGe are mainly d-like 
character, although Ge-p orbitals have very little contributions as indicated in Fig. 3. From the 
band structure (Fig. 2), one can observe a flat band in the CB along the Γ to X point of the Brillouin 
zone. It is also observed that a narrow Lorentzian peak in the VBM at the Γ point. These structural 
properties indicate that Fe2TiGe is potential thermoelectric materials. The total and atomic density 
of states are shown in Fig. 3. The upper peak in the density of states, from -3 to -1eV, comes from 
the strong hybridization between Fe-3d and Ti-3d orbitals. This can be well explained by sigma 
bonding combinations of Fe-3d and Ti-3d orbitals. The lower peak, from 1 to 3 eV, arises from 
the corresponding anti-bonding combinations. The calculated band structures and density of states 
of Fe2TiGe using PBE-GGA and TB-mBJ potentials are consistent.  
 
3.2. Optical properties 
The optical properties of a material are entirely depend on its electronic band structure. A material 
suitable for optoelectronic or photovoltaic application must have high absorbance, high refractive 
index and low emissivity of light. Moreover high dielectric constant, high optical conductivity and 
reflectivity are prerequisites for a good optical materials. For certain photon energies the optical 
response can be described by frequency dependent complex dielectric function ε(ω) expressed by 
Ehrenreich and Cohen as ε(ω) = ε1(ω) + iε2(ω) [54], where ε1 (ω) and ε2 (ω) are the real and 
imaginary part of dielectric function. The real part is related to the polarization, anomalous 
dispersion and the imaginary part is related to the loss of energy into the medium. These two parts 
of dielectric function completely explain the optical properties of materials at all photon energies 
[55]. The transition between the valence and conduction bands determines the imaginary part, ε2 
(ω) and the real part, $1 (A) of the dielectric constant can be calculated using the Kramers-Kronig 
dispersion relation [56, 57]. The inter-band transitions in semiconductor have major contribution 
to the dielectric function. Here we have studied the optical properties of Fe2TiGe in terms of its 
corresponding parameters in the inter-band region. The calculated optical parameters such as real 
part ε1 (ω), imaginary part ε2 (ω) of complex dielectric function ε (ω), refractive index n (ω), 
extinction coefficient k (ω), absorption coefficient α (ω), optical conductivity σ (ω), energy loss 
function L (ω) and reflectivity R (ω) versus photon energy up to 10 eV are presented in Fig. 4 (a-
h). The real part of dielectric function ε1(ω) is maximum at zero photon energy of incident photon 
shown in Fig. 4 (a) and the values are found to be 37.43 and 26.86 for PBE and TB-mBJ functional, 
respectively. These values of ε1(0) are greater than the values of well know photovoltaic materials 
silicon (11.7) and GaAs (12.9), respectively. The spectra of the imaginary part of dielectric 
function ε2(ω) is completely opposite in fashion than that of  ε1(ω) and directly connected with the 
energy band structure shown in Fig. 4 (b). The critical points of ε2(ω) are located around 0.15 and 
0.70 eV for PBE and TB-mBJ functional, respectively, known as fundamental absorption edge. 
These values of fundamental absorption edge are in good agreement with our calculated energy 
band gap for both functionals. The major peaks correspond to ε2(ω) are found around 2 and 4 eV 
due to the first order transition between topmost valence band of Fe-3d state and the lowermost 
conduction band of Ti-3d state where breaking of the full translational symmetry is responsible for 
this. Other two peaks are originated by interband transition from Ge-4p valance state to Fe-3d and 
Ti-3d conduction states. The calculated refractive index n(ω) for different functional are illustrated 
in Fig. 4 (c). It is found that the static refractive index of Fe2TiGe is 5.18 which is very close to 
that of Ge (5.974) [58–61] and much higher than that of GaAs (3.29–3.857) [62, 63]. The obtained 
refractive index implies that Fe2TiGe is a potential optical material that can be used in optical 
devices such as photonic crystal, wave guides and solar cells. The extinction coefficient k (ω) is 
illustrated in Fig. 4 (d), where the significant peak is found near UV region and decreases with 
increase in photon energy. It is found from Fig. 4 (e) that the absorption coefficient α (ω) of 
Fe2TiGe starts rising at around 0.15 and 0.70 eV for PBE and TB-mBJ functionals, respectively 
which is consistent with the predicted band gap. The maximum absorption coefficients for TB-
mBJ potential is found to be 224×104 cm-1 which is larger than that of GaAs ((14−22)×104 cm-1 at 
~4.8 eV) [64, 65] and silicon (1.8×106 cm-1) [66]. In Fig. 4 (f), the optical conductivity σ (ω) does 
not start at zero photon energy since the studied material (Fe2TiGe) has a distinct band gap but 
starts to rise when the incident photon energy is higher than the band gap which is also an evident 
from the calculated band structure. Moreover, the optical conductivity and hence electrical 
conductivity of a material increases due to photon absorption [67]. The maximum optical 
conductivity (14×103 S/cm) for TB-mBJ potential is obtained around 3 eV of incident photon 
energy. The energy loss function L(ω) and the reflectivity R(ω) are presented Fig. 4 (g) and (h), 
respectively. The energy loss of a fast electron through Fe2TiGe is very low and maximum energy 
loss occurs at 9.26 eV. The most prominent peaks correspond to the plasmon peaks and the 
frequency (energy) at which it occurs is known as plasma frequency which indicate the transition 
from metallic to dielectric nature. The calculated zero frequency reflectivity using TB-mBJ is 0.46. 
The reflectivity for TB-mBJ functional is much lower in the visible and ultraviolet region which 
makes sure its potential applications in the area of transparent coatings [68]. 
 
3.3. Thermodynamic properties 
The thermodynamic properties are related to the stability and durability of a crystal. The thermal 
properties such as specific heat and Debye temperature are related with thermal conductivity. A 
good thermoelectric material requires as much as low thermal conductivity to convert larger 
amount of waste heat to electricity. The Debye temperature decreases with increasing temperature 
for intermetallic compounds [69]. The materials with low Debye temperature can possess low 
lattice thermal conductivity. So it is interesting to investigate Debye temperature of Fe2TiGe. The 
equilibrium energy, bulk modulus, volume, and other required parameters to calculate 
thermodynamic quantities were obtained by volume optimization. The Murnaghan equation of 
state was used to fit the energy versus volume and thus using standard thermodynamic relations 
the macroscopic thermodynamic quantities as a function of pressure (P) and temperature (T) were 
calculated. The temperature and pressure dependent thermodynamic parameters are illustrated in 
Fig. 5. Fig. 5(a) and 5(b) illustrates the variations of bulk modulus and Debye temperature with 
temperature at different pressure for Fe2TiGe and it is found that bulk modulus and Debye 
temperature increases rapidly with the increase in pressure but slowly decreases with temperature. 
Since Debye temperature is inversely related to the vibrational frequency, these results show that 
vibrational frequency increases with the increase in temperature but decreases due to the increase 
in pressure. Thus, phonon contribution increases with the increase in pressure but decreases with 
increase in temperature. The bulk modulus determine the degree of resistance of a material. A 
material will be more resistive when the bulk modulus is larger. Since the pressure reduces the 
lattice parameters, therefore, bulk modulus is inversely related to lattice parameters. Thus, the 
degree of resistance of Fe2TiGe decreases with increasing temperature but increases with 
increasing pressure. This behavior is responsible for the change in volume due to pressure and 
temperature effect. It is clear from Fig. 5(c) that there is no significant pressure effect on CV within 
the studied temperature range. As temperature increases, CV approaches the Dulong-Petit limit, as 
expected for any solids [70]. It is found that at 0 GPa and 300K, the value of CV is approximately 
83.85 J/mol.K. The Grüneisen parameter determines the anharmonicity and hence phonon 
scattering. The small Grüneisen parameter indicates the small phonon scattering which may lead 
to large contributions to the lattice thermal conductivity. The Grüneisen parameter decreases with 
pressure but increases slowly with temperature as expected.  
 
3.4. Thermoelectric transport properties 
A good thermoelectric material should be narrow band gap semiconductor with flat bands. Our 
calculated band structure confirms that Fe2TiGe is an indirect band gap semiconductor with flat 
conduction band directed from Γ- to X k-point. Furthermore, the density of states confirms the 
bulk gap between valence and conduction bands. Recently, Bhat et al. predicted thermoelectric 
transport in Fe2TiGe using PBE-GGA potential [34]. Therefore, it is interesting to study the 
thermoelectric transport properties of Fe2TiGeby considering TB-mBJ density functional. We 
have calculated thermoelectric parameters as a function of chemical potential and temperature 
within constant relaxation time approximation (cRTA) are presented in Fig. (6, 7). Thermoelectric 
transport parameters around the Fermi level for PBE-GGA (left panel) and TB-mBJ functionals 
(right panel) at 300, 500 and 800 K are shown in Fig. 6(a-j) where the significant values of these 
parameters are found in the range of chemical potential of -0.05 to 0.05 eV. The calculated Seebeck 
coefficient considering TB-mBJ functional is larger than that of PBE-GGA functional since the 
band gap for TB-mBJ functional is higher than PBE-GGA functional. The maximum values of 
Seebeck coefficient for TB-mBJ functional around the Fermi level at 300, 500 and 800 K are 1086, 
665 and 416 µV/K, respectively. The calculated electrical conductivity and electronic thermal 
conductivity are minimum at zero chemical potential for both functional as shown in Fig. 6(b, g) 
and (c, h). The electrical conductivity around the Fermi level is almost independent of temperature 
but electronic thermal conductivity increases with the increase of temperature. This increase in 
electronic thermal conductivity is expected because carrier concentration increases with the 
increase of temperature in semiconducting materials.  
The power factor of conduction band is larger than that of valence band which is shown in Fig. 
6(d, i). Using TB-mBJ potential the maximum power factor (S2σ/τ) predicted at 300, 500 and 800 
K from 0.01 to 0.03 eV in the conduction band are 46, 65 and 82 µWcm-1K-2, respectively. The 
power factor calculated using TB-mBJ is much higher than that of recent studied compound 
Fe2TiSn [34]. It is obvious from Fig. 6(e, j) that for TB-mBJ potential the maximum ZT values at 
300 in the valence and conduction bands are 0.98 and 0.99, respectively. Fig. 6 shows the 
temperature dependence of thermoelectric transport parameters of Fe2TiGe. The temperature 
dependence of Seebeck coefficient (S) is presented in Fig. 7 (a). After 300 K, Seebeck coefficient 
decreases sharply in the case of PBE potential while it is decreases very slowly when the applied 
potential is TB-mBJ. The Seebeck coefficient obtained at 300 K for PBE and TB-mBJ potentials 
are 228.7 μV/K and 254 μV/K, respectively which is little smaller than that of TiPdSn [71]. The 
variation of electrical conductivity with temperature is shown in the Fig. 7 (b). The electrical 
conductivity (σ/τ) increase rapidly with temperature and this behavior indicates the 
semiconducting nature of Fe2TiGe. The calculated electrical conductivity (σ/τ) of Fe2TiGe at 300 
K using PBE and TB-mBJ are almost same and the value is 1. 0 × 10 C 1/Ωms. Power factor after 
400 K decreases for PBE potential whereas it is increasing rapidly with temperature for TB-mBJ 
potential. The maximum power factor (28.5 µWcm-1K-2 with τ = 10-15 s) is obtained at 800 K with 
TB-mBJ potential. The temperature dependence of electronic thermal conductivity (κe/τ) is 
illustrated in Fig. 7(c). The electronic thermal conductivity is directly related with electrical 
conductivity (ke=LσT) and increases with temperature in a very linear fashion as shown in Fig. 7 
(d). The low electronic thermal conductivity is obtained from 100 to 300 K and this is due to the 
low electrical conductivity. For a good thermoelectric material low thermal conductivity and high 
power factor are essential. The dimensionless figure of merit of Fe2TiGe has been calculated by 
plugging the desired quantities in D = 
(/F)
(G/F)
, is depicted in Fig. 7 (e). Here we considered 
only electronic thermal conductivity to calculate ZT. We see that ZT decreasing with temperature 
for both potentials but the decrease rate for PBE potential is much faster that TB-mBJ potential. 
The calculated ZT value at 300 K for PBE and TB-mBJ potentials are 0.68 and 0.80, respectively 
and this values are very close to that for TiPdSn [71], indicates that Fe2TiGe could be a high 
performance thermoelectric material. It is note that the calculated thermoelectric properties using 
TB-mBJ is more accurate than that of PBE potential as mentioned in introduction.  
 
 
 
4. Conclusions  
In summary, we have performed first principles calculations to study electronic, thermodynamic, 
optical and thermoelectric properties of Fe2TiGe using density functional theory (DFT). The semi-
classical Boltzmann transport theory is used for transport properties. The calculated energy bands 
indicate that Fe2TiGe is an indirect band gap semiconductor and the value of gap are 0.145 eV and 
0.734 eV using PBE and TB-mBJ potentials, respectively. Such increase of band gap due to mBJ 
potential calculation has significant effect on transport properties. The Fe-3d and Ti-3d orbitals 
have dominant contributions to the density of states due to strong hybridization between them.  
The bulk modulus is a measure of degree of resistance of materials. The temperature dependence 
of bulk modulus at different pressure implies that the degree of resistance of Fe2TiGe decreases 
with temperature and increases with pressure. The calculated specific heat at constant volume 
increases with temperature rapidly up to 500 K and then approaches very slowly to a constant 
value at high temperature following Dulong-Petit limit, 98 J/mol.K. The maximum value of 
absorption coefficient is found to be 224×104 cm-1 and 202×104 cm-1 in the ultraviolet region and 
the static refractive index is found to be very high (5.18) with TB-mBJ density functional. The 
static refractive index of Fe2TiGe is 5.18 which is very close to that of Ge (5.974) [58–61] and 
much higher than that of GaAs (3.29–3.857) [62, 63]. The predicted refractive index implies that 
Fe2TiGe is a potential optical material that can be used in optical devices such as photonic crystal, 
wave guides and solar cells. The calculated Seebeck coefficient using PBE and TB-mBJ potentials 
at 300 K are 228.7 and 254 μV/K, respectively. The electronic thermal conductivity increases with 
temperature as the carrier concentration increases. This behavior indicates the semiconducting 
nature of Fe2TiGe. The predicted ZT value using TB-mBJ potential at 300 K is ~0.8. The obtained 
Grüneisen parameter indicates the small phonon scattering which may lead to large contributions 
to the lattice thermal conductivity. Here we did not calculate the lattice thermal conductivity and 
the reduction of it could be achieved by doping or nanostructuring in Fe2TiGe system. Therefore, 
the calculated results implies that Fe2TiGe is a potential candidate for photovoltaic device 
applications.  
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Fig. 1: Equilibrium crystal structure of Fe2TiGe. 
 
 
 
 
 
 
 
 
Fig. 2. Electronic band structure of Fe2TiGe using: (a) PBE-GGA and (b) TB-mBJ density 
functional. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Total and projected density of states of Fe2TiGe using: (a) PBE-GGA and (b) TB-mBJ 
density functional.  
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Fig. 4. Optical properties of Fe2TiGe: (a) real dielectric function ε1(ω), (b) imaginary dielectric 
function ε2(ω), (c) refractive index (n), (d) extinction coefficient (k), (e) absorption coefficient (α), 
(f) optical conductivity (σ), (g) loss function and (h) reflectivity (R). 
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Fig. 5. Temperature and pressure dependent thermodynamic properties of Fe2TiGe: (a) bulk 
modulus, (b) Debye temperature, (c) specific heat at constant volume, (d) volume thermal 
expansion coefficient and (e) Gruneisen parameter. 
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Fig. 6. Chemical potential (µ) dependent thermoelectric parameters using PBE-GGA (left panel) 
and TB-mBJ potentials (right panel). 
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Fig. 7. Temperature dependence of thermoelectric transport properties of Fe2TiGe: (a) Seebeck 
Coefficient, (b) Electrical conductivity,(c) Electronic thermal conductivity, (d) Power factor, (e) 
ZT. 
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